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Dimers at Gg'Si(001) surfaces: Ge coverage dependent quenching, reactivation of flip-flop
motion, and interaction with dimer vacancy lines
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We studied Ge coveragd§.) dependent quenching, reactivation of the flip-flop motion, and interaction
with dimer vacancy linegsDVLs) of dimers on Ge/$001) surfaces using a scanning tunneling microscope
(STM) combined with a molecular beam epitaxy apparatus. Depositien®8 ML (monolayey Ge quenched
the flip-flop motion, making all dimers asymmetric. Further deposition introduced DVlgg &t ~0.5 ML,
and symmetric dimer domains appeared again locallg=atl.5 ML. High-resolution STM images indicated
that asymmetric dimer rows always invert their phase in alternation with buckled dimer’s up-end at the DVLs.
Low-temperature STM images indicated that the symmetric dimer domains were due to flip-flopping of asym-
metric dimers activated by largé;. at room temperature. The symmetric dimer domains extended along the
dimer rows over the DVLs due to the phase correlation.
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. INTRODUCTION fixed coverage$>1®1®-?2\We addressed these points in this
study using STM. The symmetric dimers were completely

The S{001) surface is intrinsically a 2 1 reconstruction changed to asymmetric dimers by a small amount of Ge
with symmetric dimer rows at room temperatdrethough ~ deposition ofg.<0.3 ML, as described below. However,
C-type defects and steps induce buckling extrinsically andsymmetric dimer domains reappeared &.=~1.5 ML.
make the adjacent dimers asymmefﬁa_'rheoretica| calcu- The DVLs function as a phase inVerter in the a|temati0n Of
lations indicate that an asymmetric dimer structure is enerUP-e€nd atoms in the asymmetric dimer rows.
getically more stable than a symmetric dimer strucfure.
Scanning tunneling microscog€TM) and low-energy elec- Il. EXPERIMENT
tron diffraction (LEED) stud|e§ at low temperatufié re- Experiments were performed in an ultrahigh-vacuum ap-
vealed that the 21 reconstruction of the 8101 surface is paratus consisting of a loading chamber, a sample prepara-
due to a flip-flop motion of the asymmetric dimers activated;;,, chamber, a molecular beam epitayiBE) chamber,
at room temperature. and a main chamber equipped with an STM wiihisoku

In contrast to S0D01) surfaces, locak(2x4) andp(2  ysm-1200. The base pressure of the MBE chamber was 3
X2) orderings with asymmetric dimers are dominant onx 10-8 pa and that of the preparation and main chambers
Ge(001) surfaces at room temperatuteThe asymmetric \as 1x 1078 Pa. The 210X0.4 mn? samples were cut
dimers are intrinsic and do not require defects orf0B&®  from mirror-polished commercial &01) wafers. They were
surfaces to be quenched because the dimer buckling is engireheated in the preparation chamber at 500 °C overnight.
getically more stable than on (8D1) surfaces? However,  The samples were then flashed at 1200 °C and slowly cooled
Zandvliet et al. reported recently that(2X4) asymmetric to room temperature. We confirmed the surface cleanliness
and 2x1 symmetric dimer domains appeared alternately aby STM so that we could observe thex2 reconstruction.

the surface with very low0.15% defect density® The al- A sample was transferred to the MBE chamber after
ternation was attributed to cancellation of the anisotropiccleaning. Ge was deposited from a commercial Knudsen cell.
strain energy of the two domains. The Ge growth rate was determined prior to this study by

The change of the surface structure with Ge deposition orross-sectional field emission secondary electron microscope
an S{001) surface is of great interest. Two-dimensional wet-(FE-SEM observation of Ge films grown on SjQurfaces.
ting Ge layers several monolayeidL ) thick were initially ~ The growth rate was estimated from the linear relationship
formed due to a 4% lattice mismatch. Three-dimensional Géetween the Ge film thickness and deposition time. Ge was
islands subsequently grew during Ge growth on the Stdeposited on the 801 substrates at a growth rate of 0.056
surfaces?~1#2x N reconstruction with dimer vacancy lines ML (monolaye)/sec in this study. The Ge Knudsen cell was
(DVLs) perpendicular to the dimer rows appears to releas&ept at a constant temperature during the experiment by a
Ge-induced surface stress in the initial two-dimensional wetecomputer-controlled feedback system. The Ge cell shutter
ting layer growtht>~1" The stress also causes reversal of thewas opened first in the deposition. The main shutter was
S, and Sy step roughnes&®and the appearance of the en- opened after the Ge flux was confirmed to be at a preset
ergetically unfavorabl® , step at the Ge/8)01) surfaces®  value, and Ge was deposited on the substrate. Ge coverage
However, the Ge coveraged.) dependent change from was controlled by the deposition time. The substrate tem-
symmetric to asymmetric dimers and their interaction withperature was kept at 680 °C during the deposition. The struc-
the DVLs were not studied in detail, though asymmetricture of the sample surface was observed by STM at room
dimers were widely observed on the Gé&®il) surfaces of temperature for every small increase of Ge coverage. The
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FIG. 2. 65, vs DVL distanceN. Dots: experiments. Dashed line:
calculated value with no intermixing. Square and diamond: calcu-
lated values for 25% and 12% intermixing cases. Solid line is a

FIG. 1. STM images of Ge/8101) surfaces. Ge was deposited visual guide.
at 680°C. Images were taken at room temperatye. 6 . L
—oML, (b 9?350.28 ML, (c) 6g.=0.56 MpL (Lg? 02: between DVLS(N) was 1% (a is the atomic distance of the
=1.12 ML, and(e) fg.=1.68 ML. 20<20 nnt. V.=—2.0V, |,  1X1 surface unit cell _
=0.25 A. Arrows indicate th¢110} direction. The surface took or(2%x4) local ordering over almost
all the area atig,=1.12 ML [Fig. 1(d)], andN decreased to

. ~9a. HereN became constant at8a with further deposi-
sample surface was also obseryed by STM at I|qgidem-. tion [ fge=1.68 ML Fig. 1€)]. The fg-dependent change
perature atig.=1.68 ML. STM images were obtained with ¢ \'is indicated by dots in Fig. 2.

a sample bias voltage 6f 2.0 V and a tunneling current of gy mmetric dimer rows reappeared locally at the surface at
0.25 nA. Images are sh_own with a conventional gray scal%Ge:LGS ML. The symmetric dimer domains were charac-
keyed to the surface height. teristic in extending along the dimer row direction over the
DVLs and occupied~20% of the total area. Thesex2
local domains disappeared at liquid, Nemperature, as
shown in Fig. 3.

Figure 1 shows a series of STM images taken at room A high-resolution STM image of the surface @,
temperature with small increases of Ge coverage. The image 1.12 ML is shown in Fig. ). Bright protrusions corre-
size was 220 nnf. Arrows in the figure indicate the spond to the upper atoms of the asymmetric dimers in our
{110 direction on the surface. The Ge coverage @0,  occupied state STM, as discussed in the next section. The
(b) 0.28, (c) 0.56, (d) 1.12, and(e) 1.68 ML. The surface figure indicates that the upper atoms of the asymmetric dimer
exhibited the intrinsic X 1 reconstruction of a 8901) sur-  in the upper domain were aligned so as to never face the
face at 0 ML coveragéFig. 1(a)]. Dimers were imaged as upper atoms of the asymmetric dimers in a lower domain at
symmetric beans over most of the surfaces. The dimers wefé€ DVL. This caused a phase inversion in the alternating
asymmetric 0n|y at the step edges and nédype defects up—end atoms in asymmetric dimer rows at the DVLs.
where anisotropic strain was introduced to adjacent dimers.

Their alternation of the up-end made the dimer rows appear IV. DISCUSSION

; - 34,23 : .
as zigzag chains." _ _ The complete change from symmetric to asymmetric
The symmetric dimers disappeared with 0.28 ML Geyimers caused by a small amount of Ge deposition is consis-

deposition, and zigzag chains of alternating asymmetriGen with previous studies. The surface in a previous STM
dimers appeared everywhd€ig. 1(b)]. Symmetric dimers

completely changed to asymmetric dimers when a small (a) @ R.T.
amount of Ge was added. The zigzag chains extended inde- g
pendently of the defects even though the surface included
many defects. The out-of-phase and in-phase alignments of
adjacent zigzag dimer rows causeRx4) and p(2Xx2)

local ordering at the surfac@??>~?*The proportions of(2

X4) andp(2x2) local domains were almost even @&t
=0.28 ML.

The surface was still covered by asymmetric dimers at
fse=0.56 ML [Fig. 1(c)], but new DVLs were introduced to
the surfacddark lines perpendicular to the zigzag chains of
the asymmetric dimer rows in Fig(d]. The DVLs extended FIG. 3. STM images of the Ge/®01) surface at fge
in almost straight lines perpendicular to the dimer rows, in-=1.68 ML taken at(a) room temperature antb) liquid N, tem-
troducing 2x N ordering at the surface. The average distanceerature. Arrows indicate thgl 10} direction.

Ill. RESULTS
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dimers atfg=0.50 ML.?*?" The calculations also verified
thatc(2xX4) andp(2x2) are not energetically different at
the Ge/Si001) surface atfge=0.50 ML. The asymmetric
dimers seemed to have no preference in taki(@y< 4) and
p(2X2) local ordering at 0.28 and 0.56 ML, as the theory
predicted. However, the experimental results indicated that
the asymmetric dimers fava(2 X 4) local ordering at larger
Ge coverage. While no theoretical preference(@x<4) and
p(2%x2) local ordering at larger coverages has been re-
ported, a preference fa(2x4) ordering withfs. seemed

(2)STM image

(b)DVL model (c)DVL  model R
c(2x4) out of phase c(2x4) in phase obvious.

. _ . DVLs appeared atig,=0.5 ML. The DVL’s are intro-
FIG. 4. High-resolution STM image of the Ge(801) surface at  qyced to reduce the outward expansion with Ge deposition
fse=1.12 ML (a) and ball-and stick models of the surface where by creating a trench of missing dimer lines. However, the

the zigzag chains of the upper and lower domains(Byeout of

phase andc) in phase at DVL formation of missing dimers consumes energy. A balance

between the Ge-induced strain and dimer vacancy formation

image of a 0.1 ML Ge/$001) surface was covered by asym- €nergy determines the distance between DV, > The
metric dimers?* A photoelectron diffraction study also con- accumulation of the strain could be partially relaxed here by
cluded that the $001) surface with 0.1 ML Ge assumes an mixing Ge and Si atoms in the top surface and subsurface
asymmetric dimer structure. Both the present and previoukyers. Thus, the intermixing can be estimated from the
studies indicate that the symmetric dimers were completelyce-dependence curve dfl. Voightlander and Kastner re-
changed to asymmetric dimers by deposition of a very smalported af dependence dfl in a case without mixing. They
amount of Ge @g.=0.1-0.3 ML). also showedN at 6g.=2.0 ML in 25% and 12% mixing

A photoelectron diffraction study demonstrated that Ge cases?® These are indicated by a dashed line, a square, and a
atoms take substitutional sites and form Ge-up/Si-dowrfliamond in Fig. 2. The figure suggests that0% of the
asymmetric mixed dimers atg.=0.1 ML. This Ge-Si deposited Ge atoms diffused into the Si subsurface layer
mixed dimer should also form at the Ge-adsorbed sites of ouhile ~90% of the Ge atoms remained at the top surface
0s.=0.28 ML surface. However, 0.28 ML Ge did not cover layer during growth at 680 °C.
all the surface sites. Thus, Si-Si and Si-Ge dimers coexisted The above estimation indicates that the top layer consisted
at the surface. A small number of Ge-Si asymmetric mixeddrimarily of Ge atoms resting on a Si subsurface layer at
dimers seemed to halt the flip-flop motion of the remainingfge=1.12 ML.  Jenkins and Srivastava demonstrated
Si-Si dimmers, making them asymmetric also. Theoreticatheoretically® that the Ge-Ge buckled dimer structure is en-
calculations indicated that both Si-Ge and Si-Si asymmetriergetically most favorable at a full monolayer Ge0®il)
dimers concentrate the occupied state charge distribution osurface. Thus, the zigzag chains on a 1.12 ML surface are
the up atom§:1®%62"Thus, alternation of up-end atoms of mainly due to asymmetric Ge-Ge dimers standing on a Si
Ge-Ge and Si-Si asymmetric dimers was observed as zigzaybsurface layer. However, Jenkins and Srivastava also esti-
chains in our occupied state STM image, in which Ge-Si andnated that 11% of Ge atoms occupy a metastable subsurface
Si-Si dimers could not be distinguished. site at 1000 K based on the energy difference between a

The Ge-Si dimer assumes a Ge-up/Si-down asymmetri&e-Ge buckled dimer and dimers in which Ge atoms occupy
structure because of its large energy gain. First-principlesubsurface sites. This estimate is consistent with our estimate
theoretical calculations on the Gef®1) surface ofdg,  above. Furthermore, the calculation demonstrates that the
=0.5 ML (Ref. 26 and 2Yindicated that the Ge-up/Si-down dimers standing on Ge atoms in the subsurface layer also
asymmetric dimer is 0.55 eV more energetically favorablefavor an asymmetric dimer structure. Thus, it is reasonable
than the Ge-Si symmetric dimer. This large energy gain prefor a surfacefge=1.12 ML grown at 680 °C to assume an
vents the Ge-up/Si-down asymmetric dimer from flipping toasymmetric dimer structure everywhere, irrespective of 10%
a Ge-down/Si-up dimer. Therefore, Ge deposition anchorediffusion of Ge to the subsurface layer.
the asymmetric dimers at their adsorbed sites. The energeti- Symmetric dimer domains reappeared locally &g,
cally stable Ge-Si asymmetric dimer fixes the flip-flop mo-=1.68 ML. The disappearance of local symmetric dimer do-
tion of the adjacent Si-Si dimers. The fixed Si-Si asymmetriomnains at liquid N temperature demonstrates that the sym-
dimer also halts the flip-flop motion of their adjacent dimers.metric dimer domains are due to the thermally activated flip-
Freezing of the flip-flop motion propagates along the dimeiflop motion of asymmetric dimers frozen at low
rows in this manner. We presume that this is why a smaltemperatures. At 1.68 ML, Ge-Ge dimers are regarded to be
amount of Ge atoms made all the surface dimers bucklegn the subsurface layer;50% of which are occupied by Ge
even though the Ge atoms could not cover all the surfacatoms. Meanwhile, the symmetric dimer domains repre-
sites. sented~20% of the overall surface #;.=1.68 ML. Thus,

The STM image of asymmetric dimers &t.,=0.56 ML  the symmetric dimer domains were not directly related to the
is consistent with the theoretical calculations indicating thatGe-Ge dimers on the Ge subsurface. Instead, we suggest
the surface tends to accept Ge-up/Si-down asymmetristress-domain formation at @@91) surfaces of a few
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defectd! as the cause of the reappearance of the symmetriower atoms of asymmetric dimers dehybridize their back-
dimer domains. Although the initial &01) surface included bondsp® orbitals to makes p?-like andp-like orbitals in the
many defects, the DVLs gettered the defects at Geos) buckled dimer structur€. This causes local compressive
surfaces. The defect density reduced dramatically at the suftensile stresses on the second-layer atoms under the upper
face of fg.=1.68 ML. Thus, stress-domain formation may (lower atoms of the top surface asymmetric dimers. The
be possible on the surface .= 1.68 ML as well as on the directions_of _these stresses on_the _second-layer atoms in the
Ge(001) surfaces of a few defectg(2x4) and 2<1 do- DVL are indicated by arrows in Figs.(# and 4c). The
mains alternated along the dimer bond direction at thes€cond-layer atoms paired by dimers in the DVL experience
Ge00)) surface. A first principles calculatiéh suggested Stress of the same direction when the upper atoms of the
that c(2x4) and 2<1 domains have different anisotropic asymmetric cymer in the upper .do.maln face the lower atoms
tensile stresses along their dimer bond. The coexistence & the dimer in the lower domain in the model, as shown in
c(2x4) and 2<1 domains totally relaxes the anisotropic F19- 4 (b). However, the paired second-layer atoms undergo
stress at the surface at a cost of domain wall formatiéd.  stresses of opposne dlrect|ons., breakmg up the dimer at an
Althoughc(2x 4) and 2< 1 domains did not appear periodi- UPPEr atom site and compressing .the dimer at a Iow_er atom
cally at the Ge/3D0Y) surface offg.=1.68 ML, the coex- site in the DVL |f the upper atoms in the upper domain face
istence ofc(2x4) and 2<1 domains is also regarded to th€ lower atoms in the lower domdiRig. 4(c)]. Thus, model
relax the stress along the dimer bond. (b} is energetically favorable over mod@b. We assume th_at
The surface offg.=1.12 ML with c(2x 4) domains is this is the reason for the p_has_e inversion of zigzag chains at
also expected to favor the coexistenceogRx4) and 2 the DVLS.‘ The zigzag chams in the upper dom{am correlate
X1 domains to relax the anisotropic stress along the dimel those in the lower <_joma|n due to the dimers in the DVLs
bond. However, the surface took @f2x4) local ordering So asto reverse the.2|gzag phase at th'e I.:)VL' The flip-flop of
only at fg.=1.12 ML. We suppose thals.-dependent re- asymmetric _dlmers in the upper dom_aln is transferred to the
duction of the potential barrier of the flip-flop motion of the d'f“?f rows in the Iqwer dqmam facing the DVL by main-
asymmetric dimers explains why thex2 appeared afg, taining this correla_tlon. This causes the<2 domains to
=1.68 ML but not at 1.12 ML. Miwa demonstrated theoreti- extend along the dimer row direction over the DVL.
cally that a Ge-Si mixed asymmetric dimer is energetically V. SUMMARY
0.55 eV more stable than a symmetric dimer, while a Ge-Ge
asymmetric dimer is 0.30 eV more stable than a Ge-Ge sym- In summary, we studied the evolution of a dimer structure
metric dimer?’ These calculations suggest a trend of barrieron a Ge/Si001) surface with Ge coverage. A small amount
reduction withfs, although no estimate was published for of Ge completely changed the symmetric dimers of the
the Ge-Ge dimer on a Ge-Si mixed subsurface layer. ThiSi(001) surface to asymmetric dimers. DVLs were intro-
suggests that the barrier was high enougl#@t=1.12 ML  duced to the surfaces d;.=~0.5 ML. High-resolution
to quench the flip-flop motion and block the appearance oS5TM images indicated that the phase of the buckled dimer
2x 1 domains. However, if the barrier is reduceds 2 do-  alternation inverted at the DVL. Dimerization of the second-
mains could reappear to relax the anisotropic stresggat layer atoms in the DVL causes phase inversion of the buck-
=1.68 ML. led dimer alternation at the DVL. Herex2l domains with
Finally, we will discuss the interaction of asymmetric symmetric dimers reappeared with further deposition. Low-
dimers with DVLs. The second-layer atoms rebond to makdemperature STM indicated that the symmetric dimers are
dimers at DVLs and reduce the energy cost of danglinglue to the flip-flop motion of buckled dimers reactivated at
bonds!’ The resulting structures are shown by a ball-and¥oom temperature. Reduction of the potential barrier of the
stick model in Figs. %) and 4c). The second-layer atoms in flip-flop motion of asymmetric dimers enabled the reappear-
the DVL are indicated by black dots in the models. The lineance of the X1 domain atfg.=1.68 ML. The anisotropic
between two black dots in the DVL is a dimer formed be-stress along the dimer bond was relaxed by introducing 2
tween the two second-layer atoms. The upper and lower atx1 domains intoc(2Xx4) domains. The phase correlation
oms of the buckled dimers are indicated by large shaded anaver the DVL made the 2 1 domains of flip-flopping asym-
open circles in the upper and lower domains. The upper anthetric dimers extend along the dimer rows over the DVL.
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